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1 . I am currently a Professor in the Department of Mechanical Engineering and the 
Biological Engineering Division at the Massachusetts Institute of Technology , Cambridge, 
Massachusetts. My research focuses on biomedical fluid dynamics, computational fluid 
dynamics, cell mechanics, and biomedical engineering. A copy of my curriculum vitae is 
attached as Exhibit A. 



2. I am a co-inventor of the subject matter disclosed and claimed in United States Patent 
Application Serial Number 09/815,528, filed March 23, 2001, and entitled "Method and 
Apparatus for Stimulating Angiogenesis and Wound Healing by Use of External Compression" 
(the '528 application). 

3. This declaration is presented for the purpose of removing from consideration by the 
Examiner the reference by Lewis (U.S. Patent 6,620, 1 16 (the 6 1 16 patent), filed December 8, 
2000, and issued September 16, 2003). 

4. On a date before December 8, 2000, the filing date of the 6 1 16 patent, Dr. Jonathan 
Gertler and I conceived of a system for stimulating angiogenesis and promoting wound healing 
by using external graded sequential compression to induce a change in the shear stress on the 



endothelial cells of a patient's vasculature. The endothelial cells experiencing a change in shear 
stress secrete factors which stimulate angiogenesis and/or promote wound healing. 

5. Exhibit B is the completed MIT Technology Disclosure form submitted by myself and 
Dr. Gertler to the MIT Technology Licensing Office describing the invention in the '528 
application. Attached to the disclosure form is a manuscript entitled "Numerical Simulation of 
Enhance External Counterpulsation. Part II: Hemodynamic Results," which describes a 
computational model of the inventive system. The first page of the disclosure form bears a date 
prior to December 8, 2000; however, this date has been redacted. 
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punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code and that such willful, false statements may jeopardize the validity of the '528 application or 
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RECENT INDUSTRIAL INTERACTIONS (past two years) 

APEX Medical (Scientific Advisory Board) 

Mitsubishi Electric (medical products) (Consultant) 

Percardia, Inc. (Consultant, Scientific Advisory Board) 

Cardiovascular Technologies (Co-founder) 

Embolic Protection, Inc. (Consultant, Scientific Advisory Board) 

STD Manufacturing (Consultant) 

Aircast, Inc. (Research sponsor) 

Hale and Dorr (Consultant) 

MyoMend, Inc. (Scientific Advisory Board) 

RESEARCH INTERESTS 

Cell mechanics and mechanotransduction 

Cy toskeletal mechanics and computational modeling of cell deformations and force transmission 
through the cell. 

Measurements of intracellular strain fields due to forces applied by adherent beads. 
Transduction of mechanical signals by protein conformational changes. 

Cardiovascular fluid dynamics 

Numerical simulation of cardiovascular flows including the mechanics of the normal and pathologic 

arterial wall, heart assist and total artificial heart, flows induced by external compression, external 

pneumatic compression and external cardiac assist. 
The effects on endothelial function of shear stress in terms of altering fibrinolytic tendencies, inducing 

the adhesion of monocytes in the vicinity of an atherosclerotic lesion, and the stimulation of 

macrophages by mechanical stress of the arterial wall. 

Biomaterials 

Development of fiinctionalized scaffold for tissue engineering based on self-assembled peptide 
hydrogels. 

Design of peptide matrices for studies of angiogenesis and cardiac tissue engineering. 

Respiratory mechanics and fluid dynamics 

Studies of the airway wall mechanics during bronchoconstriction in normal and asthmatic airways and 

the potential role of stress-induced remodeling. 
Modeling of the flow of red blood cells and neutrophils through the lung, and the process by which 
neutrophils tend to accumulate in the pulmonary vasculature. 
Biomaterials 

Development of new oligopeptide biomaterials that self-assemble under physiologic conditions and can 

be used as scaffolds for tissue implants and drug delivery. 
Studies into the relationship between peptide sequence and the process of self-assembly. 
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CURRENT RESEARCH SUPPORT 
Agency Grant Title 



Period Covered 



NHLBI Numerical analysis of flow and 10/1/98 - 9/3 1/02 

tissue deformation in the atherosclerotic artery 

NASA Computational Models of the Cardiovascular System 10/1/01 - 9/3 1/03 

Aircast Angiogenesis by External Compression 9/1/95 - continuing 

DuPont/MIT Micromechanical Properties ofBiopolymers: 9/1/00 - 8/31/02 
Alliance New Measurement Instrumentation with Application to Self-Assembling 

Peptide Nanofiber Materials 

NHLBI Mechanotransduction in Cardiovascular Cells (PPG) 9/28/01-9/31/06 

NHLBI In-Situ Measurement of Plaque Biomechanical Properties 3/1/02-2/28; '-05 



BRIEF NARRATIVE AND CURRENT INTERESTS 

Roger D. Kamm is author or co-author of over 1 10 papers in refereed journals in the fields of 
cardiovascular, respiratory, and ocular physiology and engineering. Recent interests have focused on 
cardiovascular issues with an aim toward melding computational approaches with cell and molecular biology. 
Most of Kamm's research is performed with support from four current NIH grants, with additional support 
coming from NASA, DARPA, an industrial consortium, and two industrial sponsors. 

Dr. Kamm holds 4 patents in the medical device field with 2 patents pending. He co-founded 
Cardiovascular Technologies, Inc., which emphasized new approaches to non-invasive or minimally-invasive 
treatment of vascular disease. He maintains an active consulting practice in the broad area of biomedical 
devices and the use of computational modeling in medicine. 

Dr. Kamm has also been actively instrumental in the education of students in bioengineering and 
biomechanics. He was one of three faculty to develop the Undergraduate Minor in Biomedical Engineering 
(1995) at MIT, and chaired the committee to initiate the Master of Engineering in Biomedical Engineering 
(2000). With two colleagues, he developed a new subject in Molecular, Cellular and Tissue Biomechanics for 
which he is currently writing a textbook with sponsorship of the Whitaker Foundation. He was the recipient of 
the Everett Moore Baker Memorial Award, the highest, Institute-wide teaching award selected by students. 
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Title of invention : A method and apparatus for stimulating angiogenesis and wound 
repair by the use of external compression 



General purpose . -The purpose of this invention is to stimulate the patient's own arterial 
endothelium in a manner that leads to enhanced synthesis and secretion of angiogenic 
factors. These factors, released into the circulation, can subsequently lead to the growth 
of new blood vessels thereby alleviating the ischemia resulting from peripheral arterial 
disease. 

Technical description . Blood flow in the vessels of the lower extremity is altered by 
means of pressure variations applied to of the legs by inflatable cuffs or by some other 
means of external compression. Pressures of a magnitude sufficient to cause collapse of 
the large arteries, and thereby producing reverse flow into the abdominal aorta, create 
large variations and changes in direction of the shear stress applied to the endothelium. 
Elevated levels of shear stress, and reversing shear stress, are known to elicit a biological 
response from the arterial endothelium consistent with the creation of new capillary beds 
in regions of ischemia. Such factors include the cell mitogens platelet-derived growth 
factors A and B and basic fibroblast growth factor. Although various patterns of pressure 
application may be used, ^essuresSn^x^ 

produce the largest effect. Spatial distributions of pressure application are chosen to 
produce the most uniform distribution of elevated shear stress throughout the arterial tree 
of the lower extremity. It is been found that pressure applications previously referred to 
as " graded " or " wave like " are most efficient. Studies have also shown that to the 
arteries are able to inflate from a collapsed configuration during the period of a single 
heart cycle. It is therefore advantageous to apply the external compression on a cycle 
^nfehronized'to^ also been shown ; thayhe greatest degree of emptying is 

produced when pressure^ a 
period of^s$iahi^ of applying 

pressure greatest at the calf and lowest at the proximal end of the compression region. 
The pressure difference between the distal and proximal ends of the compression region 
should be in the'rang^^ is 
produced by inflating the distal portions of the cuff first and generating a wave of 
compression that propagates toward the heart. The speed of this wave should be 
comparable to the speed of wave propagation through the peripheral arteries. 

Advantages and improvements over existing methods . Our studies have allowed us to 
optimize external compression of the lower extremities for the purpose of maximizing the 
stimulus to the arterial endothelium of the peripheral arteries in the leg. Others have 
attempted to optimize external compression on the notion that this can produce a 
reduction in systolic after load or diastolic augmentation. Numerous studies, however, 
have demonstrated that these effects are insufficient to produce significant cardiac 
benefits. More recently, studies in the literature have suggested that external 
compression of the lower extremities these to enhanced shear stress in the arteries of the 
coronary circulation and that this may be the mechanism for the beneficial effects of 
external compression. In both of those interpretations, the optimal compression cycle 
would be one that produces/the greatest effect at the aortic root. Our new concept would 



suggest that the optima^ should be determined by theihemodynamie^l 

effects : seeh m and would thereby lead to a different 

approach to the selection of the parameters associated with external compression. 

Commercial applications . An external compression device of the type described herein 
would have benefit to anyone suffering from peripheral arterial disease in any organ or 
other part of the body. Patients who might otherwise be candidates for amputation could 
benefit from this method. It has already been proven effective in the relief of angina, and 
there is some evidence that it can enhance perfusion of the heart. 

Companies that might be interested in this technology: 
Aircast, Inc. (sponsor of the original research) 
Jim Johnson (President) 
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Abstract 

Enhanced external counterpulsation (EECP) is a noninvasive, counterpulsative 
method to provide temporary aid to the failing heart by sequentially inflating cuffs on the 
lower extremity out-of-phase with the left ventricle. The efficacy of EECP is dependent 
on the maximum external pressure applied by each cuff, the starting time of cuff inflation 
and deflation, the time between adjacent cuff inflations, and the total time to inflate and 
deflate the cuffs. Optimization of these parameters necessitates consideration of the 
hemodynamics created by EECP and the mode of action providing patient benefit. A 
distributed computational model has been developed that simulates cardiovascular 
hemodynamics during EECP. The model includes a 30-element distributed arterial 
system including the left ventricle, bifurcations, and peripheral arterial vessels. Effects of 
vessel collapse as external pressure is applied, arterial refilling on pressure release, 
changes in aortic pressure and cardiac output, and the level of shear stress generated in 
the arteries are each investigated. Device parameters are systematically varied to 
determine their effect on system performance. Results show significant collapse and 
shear augmentation throughout the arteries of the lower extremity. Performance is^ 
strongi^ timing of cuff inflation, 

b!ut less so by '& 

Keywords: Enhanced external counterpulsation, cardiac assist, computational model, 
revascularization 



Introduction 

Enhanced external counterpulsation (EECP) is a non-invasive, counterpulsative 
procedure providing temporary support for the failing heart. EECP involves surrounding 
the lower half of a patient's body (lower abdomen, thighs, and calves) with inflatable 
cuffs that are pressurized and depressurized approximately out-of-phase with the left 
ventricle. While the aortic valve is closed (ventricular diastole), pressurization of the 
cuffs collapses the arteries causing the blood stored in the lower extremities to be directed 
retrograde toward the heart. The resultant increase in aortic diastolic pressure has been 
shown to increase blood flow to various organs, including the heart. Measurements by 
Applebaum et al. in the renal and carotid arteries indicate increases in mean flow 
velocities of 19% and 22%, respectively." Although coronary perfusion is enhanced by 
EECP, studies indicate the extent of diastolic augmentation is relatively small. Just 
before the onset of ventricular ejection (systole), the cuffs are depressurized to 
atmospheric pressure and the collapsed arteries begin to refill. Cuff depressurization . 
causes a rarefaction wave to propagate in the retrograde direction that reaches the heart 
during cardiac systole. As a result, cardiac afterload is decreased. As in the case of 
coronary perfusion enhancement, the benefits of afterload reduction are relatively small, 
and EECP has not found acceptance as a cardiac assist procedure. 

Despite its lack of success as a means of cardiac assist, use of EECP has 
continued. Based initially on the success of clinical studies conducted in China, and 
more recently in the United States, EECP is now used as a treatment for patients suffering 
from cardiac ischemia and severe angina secondary to coronary disease. 1,11,19 In a study 
by Lawson et al., 17 out of 18 patients receiving EECP for as little as 36 one-hour 



treatments reported improvement in anginal symptoms, despite prior medical and surgical 
therapy. 11 The results of a recent multi-center study involving 139 patients confirmed 
these findings and showed that EECP reduces exercise induced ischemia and angina. 3 A 
1996 study by Lawson et al. also showed improved exercise tolerance in 22 out of 27 
patients with chronic stable angina. 10 The mechanism by which patients accrue benefit 
from EECP treatments, however, remains unclear. 

Mechanisms other than the purely mechanical ones can also be envisioned to 
explain the cardiovascular benefits of EECP. It has been widely demonstrated that the 
arterial and venous endothelia and smooth muscle cells are exquisitely sensitive to fluid 
dynamic shear stress and mechanical strain. 6,17 Results obtained from endothelial cell 
cultures suggest that shear stress can influence the synthesis and release of pro- 
angiogenic factors from endothelial or smooth muscle cells. Examples include the cell 
mitogens platelet-derived growth factors A and B and basic fibroblast growth 
factor. 7,8,13,14,15 Shear stress is also instrumental in the control of nitric oxide, endothelin- 
1, transforming growth factor p„ and a host of others, many of which could contribute to 
coronary angiogenesis. In vivo studies also suggest a role for shear stress in wound- 
healing angiogenesis. 9 In a recent review, Soran et al. hypothesized that the beneficial 
effects of EECP might be a consequence of increased shear stress in the coronary 
vascular bed. 16 Here we propose that the vascular (endothelial and/or smooth muscle) 
cells of the lower extremity are a more likely source of these growth factors and 
cytokines since the enhancement in shear stress is far more dramatic there than in the 
coronary vessels, and the endothelial surface area is far greater. Consequently, we focus 
in this paper not only on the changes in pressure produced at the aortic root as it relates to 



direct, mechanical cardiac effects and coronary blood flow, but also on arterial collapse 
and the augmentation of hemodynamic shear stress that accompany lower extremity 
compression. 

Given this motivation, the work presented here concentrates on understanding the 
fundamental hemodynamics associated with EECP to determine how the operating 
parameters of the device influence its performance by a variety of measures. A 
cardiovascular fluid mechanics model is presented that simulates hemodynamics during 
operation of an EECP device. The underlying model theory is presented in Part I of this 
paper. This.model differs from previous ones used to investigate EECP in that it 
represents the arterial system as a distributed, rather than lumped element network thus 
allowing for the realistic simulation of wave propagation phenomena, vessel collapse and 
refilling, and distribution of shear stresses in the entire arterial circulation. 

Methods 

The cardiovascular computer model consists of a distributed arterial system and 
boundary conditions to simulate the left ventricle, bifurcations, and peripheral vessels. A 
lumped parameter venous and pulmonary system is used only to calculate the initial 
hemodynamic state of the model based on the prescribed input parameters to the model. 
This initial state is used by the distributed arterial system to begin the simulation. The 
distributed arterial system contains twenty-eight main arteries or segments. The proximal 
and distal boundary conditions for the arterial system are, respectively, the left ventricle . 
and the lumped parameter windkessel model for the finer branching peripheral vessels. 



Details of the computational method and analytical equations used in the model are 
described in Part I of this paper; only changes to the model specific to EECP are 
presented here. 

Modified Terminal Boundary Condition. T he boundary condition for the terminal branch 
points, described in Part I, is modified to account for volume changes in the small 
peripheral vessels when external pressure is applied to the lower extremities. This is 
accomplished by using the externally applied pressure as the reference pressure for the 
capacitor in. the windkessel model. Venous pressure is assumed constant for the purpose 
of these calculations. Consequently, the dynamics occurring on the venous side of the 
circulation, while potentially important, are not considered in the present calculations. 

External Pressurization Scheme , A three-step graded-sequential compression procedure 
was employed in all the simulations presented here. In sequential compression, a wave of 
compression is applied to the vessels by inflating the three pressurization cuffs for the 
calves, thighs, and lower abdomen sequentially from ankle to groin. The pressure level 
applied by the cuffs decreases from calf to thigh, and from thigh to lower abdomen cuffs. 
In contrast to the emptying behavior characteristic of uniform compression, sequential 
compression produces a collapse in the vessels that proceeds from the foot toward the 
heart. Thus, the blood is effectively "milked" from the vessels in the lower extremities 
and does not pass through a constrictive throat as in uniform compression. 12 In graded 
compression the maximum level of pressure attained in each segment is greatest in the 
periphery and falls in the direction of the heart. The application of graded compression 



also helps to eliminate the occlusive throat and, in combination with sequential pressure 
application, produces rapid and complete emptying of the vessels. 12,19 

The cuffs used to provide pressurization of the lower extremities in EECP are 
modeled as external pressure sources on the lower abdomen, thigh, and calf arteries. To 
simulate graded-sequential compression in the model, the arterial tree elements for the 
lower body are divided into three regions, shown in Fig. 1, representing the areas covered 
by the three pressurization cuffs in EECP. 

External Pressurization Control Parameters. Clinical and computational studies have 
shown the efficacy of EECP is highly dependent on the mode of operation and parameter 
values used to control the device. 4 Thus, understanding the effect of individual EECP 
control parameters on the performance of the device is essential for achieving an optimal 
design. The inputs to the model are the control parameters governing the application of 
external pressure by the EECP cuffs. These parameters include the cuff inflation and 
deflation timings, the maximum pressure level applied externally to the vessels by each 
cuff, and the time delay of pressurization and depressurization between the calf, thigh, 
and lower abdomen cuffs for sequential compression. Table 1 shows a detailed 
description of the individual input control parameters governing external pressurization in 
the model. 

In clinical practice, the application of external pressure during EECP is timed 
with the patient's electrocardiogram (ECG). In EECP, this process is. accomplished by 
adjusting the relative timing of applied external pressure in each of the three 
compartments and the left ventricular contraction. For graded-sequential compression, 



the pressure in each cuff rises linearly to it's maximum value over a time t tramp , is held 
constant until a time Td e n» and then falls linearly over a time t ramp . The calf, thigh, and 
lower abdomen cuffs are inflated at times Tj n n, Tj n n+At $eg , and Tj n fi+2At seg , respectively. 
The maximum applied pressure is decreased between the calf and thigh cuffs and the 
thigh and lower abdomen cuffs as specified by P ca ir» Pm, and Pj a . The cuff deflation time, 
Tdefi, is the same for all three cuffs to simplify the parameter study. The parameters used 
in the temporal application of external pressure during the heart cycle are shown in Fig. 
2. 

External Pressurization Measures of Merit. The effectiveness of enhanced external 
counterpulsation is assessed in terms of the following: 

(1) augmentation of mean diastolic pressure, signifying increased coronary 
perfusion, and lowering of mean systolic pressure, signifying reduced left 
ventricular afterload, and 

(2) elevation of shear stress and increased emptying of the arteries of the lower 
extremity. 

Several measures of merit are chosen to quantify the effectiveness of EECP based 
on these criteria. 

Mean Diastolic Pressure. The increase in diastolic pressure, or diastolic augmentation, is 
characterized by the mean diastolic pressure ratio: 



where P aortic is pressure at the aortic root, T D and T s are the times at which diastole and 
systole end, and the subscripts "compr" and "0" refer to cases with and without external 
compression, respectively. MDP is an indication of how diastolic pressure is increased 
with pressurization. All pressures are measured when the model has reached steady-state 
after 10 heart cycles. 

Mean Systolic Pressure . The effect of EECP on systolic pressure is quantified using the 
mean systolic pressure ratio: 
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MSP is a measure of the extent of left ventricular afterload reduction with pressurization. 



Emptying Effectiveness. The efficacy of EECP is highly dependent on the extent to 
which the arteries are emptied and refilled during each heart cycle. The blood volume 
emptied from the vessels corresponds to the amount of retrograde flow, and hence the 
amount of diastolic augmentation achieved by EECP. It also provides a measure of the 



extent to which arterial diameter changes, and therefore relates to vessel wall strain. The 
emptying effectiveness parameter, EE, is used to measure the efficiency of the emptying 
process for the vessels receiving pressurization. EE is calculated for a single vessel using 
the equation: has not been sufficient time for it to completely refill. 



where A is the cross-sectional area of the artery. The integrations are taken over the 
entire region of pressurization. For the "compr" case, arterial area is measured at 
maximum pressurization in diastole just prior to cuff deflation. The arterial area for case 
"0" is measured at the time step just preceding pressurization. Thus, the emptying 
effectiveness of the artery represents the extent of arterial collapse under maximum 
pressurization with respect to the state of the artery just prior to pressurization. The state 
of the artery prior to pressurization is considered since the artery may be partially 
collapsed if there has not been sufficient time for it to completely refill. 

Shear Stress Index. An approximate measure of shear stress is defined, that accounts for 
the changes in cross-sectional area and flow velocity that accompany EECP. In the case 
of steady, fully-developed, laminar flow through a vessel of circular cross-section, wall 
shear stress could be computed as follows: 




(3) 



where V is the mean flow velocity. Recognizing that as an artery collapses, its cross- 
section will likely deviate from circular, and that the flow is clearly not fully-developed 
or steady, we will still assume to a rough approximation that 



v 

r.oc^ (5) 



A shear index, S, is defined as 



S=^— (6) 



3 



where t w is the time integral of the wall shear stress for one cycle evaluated at the mid- 
point of the compression zone and t wo is the same value with no external pressurization. 
The summation sign indicates that the values of t w and x W Q are summed over the three 
compression zones. 

Results 

Understanding the effect of individual parameters on the performance of the 
EECP device is essential for achieving an optimal design. Here, each parameter is 



systematically varied in the model while holding all others constant. The results are 
presented in two ways to examine the two different mechanisms of action. In one, time- 
varying pressure at the radial artery is presented to demonstrate the reduction in systolic 
and increase in diastolic pressures, respectively. In the other, the impact of each 
individual parameter is presented in terms of a sensitivity matrix that shows the extent to 
which 20% variation (±10% from the baseline condition) influences each of the various 
measures of merit presented earlier. 

All data presented in this section are taken from the tenth heart cycle of the model 
to ensure that the simulation has reached a steady state. A heart rate of 72 beats/min is 
used for all simulations. 

Effects of EECP on aortic pressures. A base state was chosen, typical of conditions used 
clinically, from which the effects of various parameter variations could be studied. 
Values of the control parameters used for this base state are given in Table 1. Some 
judgement was exercised in parameter selection. Mean applied pressure was chosen at a 
level thought to produce a minimum of trauma to the patient while still providing a 
reasonable measure of benefit. The pressure increment between segments was viewed as 
sufficient to prevent proximal arterial collapse and a consequent impairment of vessel 
emptying while still providing ample pressure at the lower abdomen region to produce 
significant emptying. Consistent with the notion that arterial emptying should proceed at 
a speed comparable to the speed of the arterial pressure pulse (about 8 v m/s in : ;ttie I 
peripheral arteries)| the time delay between segment compressions was chosen to be 
approximately equal to the wave transit time through each of the pressurized 



compartments. Pressure rise time, as shown by Bai et al., should be as short as possible. 5 
Therefore, a value was chosen close to the practical lower limit. 

Fig. 3 shows the radial pressure pulse computed by the model with and without 
graded-sequential external compression from the lower abdomen to the foot. In this case, 
pressure is applied by a three-compartment cuff with maximum pressures of 200, 150 and 
100 mmHg along the lower leg, upper leg, and lower abdonien, respectively. Note that in 
this instance of arterial counterpulsation (pressure application during cardiac diastole and 
release of pressure during systole) systolic pressure is reduced while diastolic pressure is 
augmented, .leading to the combined effects of reduced ventricular afterload and 
enhanced coronary blood flow. 

The effectiveness of EECP can be viewed in terms of the measures of merit 
defined previously. These results are shown in Table 2. Numbers shown in the table 
correspond to the fractional change in each measure from the case without compression. 

For this same condition of external compression, the time-varying arterial cross- 
sectional area and a measure proportional to the time-varying shear stress (see Eqn. (5)) 
are plotted for three locations (lower abdomen, thigh, and calf) in Fig. 4. During pressure 
application, the arteries collapse with sufficient speed to cause a flow reversal throughout 
much of the arterial network and a significant increase in vascular shear stress in the 
arteries of the lower extremity. The arteries in the lower abdomen and thigh (Figs. 4(a) 
and 4(b), respectively) refill rapidly upon pressure release, even rising to slightly above 
normal levels due to the strong compression wave generated and its reflection from the 
peripheral vascular bed. During refilling, shear stress attains levels roughly 3- to 4-fold 
higher than under normal conditions at all three locations. Features of particular interest 



in the context of endothelial function are the high shear stresses of reversing sign, and the 
significant arterial wall strain due to arterial collapse. 



Sensitivity matrix. One way to elucidate the relative effects of the various compression 
parameters is to establish the sensitivity matrix of Table 3. Considering that each 
measure of merit (MM) (e.g., mean diastolic pressure, MDP) is a function of each of the 
adjustable parameters (Y) (e.g., mean applied pressure), then an entry in the table (X) 
represents the change in the measure of merit [A(MM)] divided by the fractional change 
in the parameter value: 

A(MM) 

Large values indicate strong correlations between the measure of merit and the particular 
parameter. For example, a 10% increase in mean applied pressure will produce a 7.92% 
increase in MDP. This table is useful for identifying the parameters that, when varied, 
will have the greatest influence on the measure of interest. 

While the dependencies are generally quite symmetric about the baseline case 
suggesting a nearly linear dependence, there are two notable exceptions. The time to 
initiate external compression (T infl ) selected for the baseline case was near the optimum in 
terms of mean systolic pressure. Thus, although T infl has a strong influence on the 
effectiveness of EECP, changing it from the baseline case will not reap much benefit in 
MDP and MSP\ however, shear stress can be enhanced considerably. Second, the effect 
of mean applied pressure on the shear index was skewed in the sense that an increase in 



pressure gave rise to a much greater increase in S than the decrease observed when 
pressure was reduced. This may reflect the synergistic effects of greater collapse and 
higher flow rates when applied pressure is increased. Mean applied pressure clearly has 
the greatest potential to enhance diastolic pressure and increase levels of shear stress, 
although increasing mean pressure probably has the largest negative impact on patient 
tolerance. Reducing pressure rise time would also be beneficial (except for the effect it 
has on arterial emptying), although this too may be determined largely by practical 
constraints. The results in Table 3 demonstrate the potential for controlling the 
mechanical events related to cardiac assist or vascular cell stimulation. 

Discussion 

The basic features of these numerical results are consistent with clinical observations 
during EECP. Compression beginning near the end of systole produces arterial collapse, 
sending a wave of retrograde flow up into the aorta, increasing pressure up as far as the 
aortic root and, presumably, augmenting coronary blood flow. When compression is 
released near the end of diastole, the arteries begin to refill, initiating a rarefaction wave 
that propagates toward the heart, reaching it at a point that produces systolic unloading. 
The extent of emptying of the leg arteries decreases toward the periphery, but 
corresponds to approximately half the normal arterial volume. Refilling to normal 
volumes is achieved in the most proximal arteries, but even at the levels of pressure used 
in these simulations, is incomplete in the lower leg. Increasing mean pressure applied to 
the calf up to 300 mmHg (results not shown) compromises refilling even further. 



Recent clinical results showing that as little as one hour of treatment per day is 
sufficient to have a positive effect on cardiac function point to the importance of factors 
other than the obvious mechanical ones. Specifically, the well-documented effects of 
shear stress on endothelial or smooth muscle cell function are implicated. 'Shear, stress as 
fcnHahced through a combination of flow augmentation, and reduced arterial cross- / 
sepU up to levels more than four times normal arterial shear stress. .throughout 

muchjbf the arterial system.of the lower extremities. These high levels of shear occur 
during both antegrade and retrograde flow, giving rise to a strong oscillatory shear 
stimulus to the arterial endothelium. By comparison, the coronary vascular bed would 
experience much lower levels of shear augmentation. Increases in coronary shear stress 
can be roughly estimated by the relative increase in mean diastolic pressure at the aortic 
root, approximately 8% for the baseline conditions used in this study (Table 2). This, 
combined with the fact that the total endothelial surface area in the coronary beds is far 
less than in the lower extremities, suggest that the effects of shear stress stimulus in the 
latter would have the greater influence. 

In previous models of EECP, the arteries were represented as collection of 
lumped elements and were therefore not capable of accurately capturing many of the 
phenomena associated with wave propagation through the arterial network and arterial 
collapse. 4 As seen in Fig. 4, the onset of compression at the lower leg sends a surge of 
blood toward the heart, producing the peak in area in the thigh (see e.g., t=3.60 s in Fig. 
4(b)) and the lower abdomen (t=3.64 s in Fig. 4(a)) just prior to compression of these 
regions. The abrupt fall in cross-sectional area in the calf (beginning at t=3.56 s, Fig. 
4(c)) is followed by an equally abrupt rise in area, before the area decreases more 



consistently as pressure is maintained. The low frequency oscillation occurring in the 
iliac artery (t=2.9 - 3.2 s, Fig. 4(a)) is evidence of wave reflection from the proximal end 
of the aorta, causing some refilling while pressure is still maintained. These waves are 
highly damped, however, and are not seen in the thigh or calf regions. 

These results, in terms of the magnitude of the effect observed in arterial blood 
flow and pressure, are consistent with previous observations. In the multi-center study, 
the hemodynamic effects of EECP were monitored by determining the ratio of peak 
diastolic pressure to peak systolic pressure, referenced to end-diastolic pressure. 3 Using 
the aortic blood pressure trace (data not shown), this ratio is 1.24 for our standard case 
simulation compared to an average of 1.41 in the multi -center trial. The greater values 
achieved in patients reflects the higher range of pressures (up to 300 mmHg) used in the 
clinical study. In the Suresh study, most effects (e.g., change in cardiac output, ratio of 
retrograde to antegrade aortic flow) had nearly reached their maximal effect when the 
diastolic-to-systolic pressure ratio reached values in the range of one to 2. 18 

We chose to study a range of pressures somewhat below those currently used 
clinically in recognition of the relatively high number of adverse experiences reported by 
patients receiving EECP. In the multi-center study, 54.9% of the patients experienced 
adverse effects, with the majority of these being device-related. The number of device- 
related adverse effects was reduced nearly 4-fold (from 37 to 10) when pressures were 
decreased from 300 mmHg to 75 mmHg. Our results suggest that significant 
hemodynamic effects, especially in terms of enhancing arterial shear stress and arterial 
wall strain, can be achieved with the use of considerably lower pressures, with mean 
values in the range of 150 mmHg. 



Given the exquisite sensitivity of endothelial cells to shear stress in vitro, it is 
likely that the flow alterations caused by EECP would significantly alter the profile of 
gene expression throughout the vessels of the lower extremity. Since these alterations 
affect nearly the entire arterial network below the waist, the potential for elevated 
synthesis and secretion of various cytokines and growth factors is considerable. If 
released into the circulation, many of these would remain active for the short time it takes 
to reach the coronary vasculature and could potentially exert an influence there. Some, 
NO for example, would likely exert an effect only in the peripheral bed of the lower 
extremities due to its short half-life. Although speculative, this possibility has not 
previously been considered and clearly deserves further study. 

In terms of designing optimal protocols for EECP, it is critically important to 
understand the mechanism by which myocardial function is improved. In particular, 
parameter variations that optimize the traditional measures of merit (reduction in systolic 
pressure and increase in diastolic pressure) are not always consonant with the desire to 
maximize the magnitude and spatial extent of changes in arterial shear stress in the lower 
extremity. These issues will need to be better understood before a rationale design of the 
EECP protocol is possible. 
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Table 1. External Pressurization Input Control Parameters. All times referenced to the 
beginning of cardiac systole. 
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Table 2. 
Table 1. 



Values for each of the measures of merit for the baseline conditions given in 
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Table 3. Sensitivity matrix. Each numerical value represents the change in the 
particular measure of merit divided by the fractional change in the parameter as defined 
in Eqn. (7). 
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Figure Captions 



Fig. 1. Division of lower arterial tree elements into three pressurization regions for 
EECP model. Figure is drawn to scale. 

Fig. 2. Application of external pressure with time during the heart cycle. Parameter 
values as given in Table 1. 

Fig: 3. Pressure at the radial artery showing the effect of external compression shown 
over several cardiac cycles following the onset of EECP. Note the reduction in systolic 
pressure and increase in diastolic pressure. Parameter values as given in Table 1. 

Fig. 4(a), (b), (c). Cross-sectional area plotted vs. time for several cardiac cycles 
following the onset of EECP at the midpoint of the lower abdomen, thigh, and calf 
compression zones, respectively, normalized with respect to the cross-sectional area 
without external compression at 100 mmHg (A 0 ). Light lines: no external compression. 
Dark lines: with external compression. 

Fig. 4(d), (e), (f). A measure of arterial wall shear stress [Eqn. (5)] plotted vs. time for 
several cardiac cycles following the onset of EECP at the midpoint of the lower 
abdomen, thigh, and calf compression zones, respectively. Magnitude is increased by 
more than 3-fold (much more in the lower abdomen) and flow reversal is evident. Light 
lines: no external compression. Dark lines: with external compression. 
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